The losses in chloroplast capacity to fix CO2 when photosynthesis is reduced at low leaf water potential (#,) have been proposed to result from photoinhibition. We investigated this possibility in soil-grown sunflower (Helianthus annuus L. cv IS894) using gas exchange techniques to measure directly the influence of light during dehydration on the in situ chloroplast capacity to fix CO2. The quantum yield for CO2 fixation as well as the rate of light-and CO2-saturated photosynthesis were strongly inhibited at low C1. The extent of inhibition was the same whether the leaves were exposed to high or to low light during dehydration. When intercellular partial pressures of CO2 were decreased to the compensation point, which was lower than the partial pressures resulting from stomatal closure, the inhibition of the quantum yield was also unaffected. Photoinhibition could be observed only after high light exposures were imposed under nonphysiological low CO2 and 02 where both photosynthesis and photorespiration were suppressed. The experiments are the first to test whether gas exchange at low #1 is affected by potentially photoinhibitory conditions and show that the loss in chloroplast capacity to fix CO2 was entirely the result of a direct effect of water availability on chloroplast function and not photoinhibition.
that if stomata closed and photorespiration was inhibited, the availability of CO2 would decrease and the reduction of CO2 would be lessened (26) . This might allow a damaging excess of excitation energy to occur under otherwise favorable PFD (26) . It has also been suggested that CO2 deprivation alone could result in photoinhibition in brightly illuminated leaves (2, 25) . It is also possible that direct effects of water deficits on chloroplast function increase the susceptibility to photoinhibitory injury. Bjorkman and Powles (4) reported that, in Nerium oleander, inhibition of chloroplast reactions (electron transport activity and variable fluorescence yield) were more severe when low t, developed in full sunlight than in the shade. Alterations in the fluorescence characteristics of Vitis vinifera also have been interpreted as photoinhibitory injury at low 4,, (10) .
In this study, we measured the gas exchange characteristics of sunflower to examine directly whether light during the dehydration period alters the capacity of the chloroplasts to fix CO2 at low 01. We found that as photosynthesis was inhibited when 4'1 fell, the loss in chloroplast capacity to fix CO2 was not affected by exposure to a high PFD. In this species, the loss was entirely attributable to direct affects of water availability on chloroplast function. A preliminary account of this work has been reported elsewhere (34).
MATERIALS AND METHODS Growth Conditions. Sunflower plants (Helianthus annuus L. cv IS894) were grown from seed in a soil-peat-perlite mix (2:1:1) in a controlled environment chamber (day/night temperature, 30/20 ± 10C; day/night RH, 85/95 ± 5%; PFD, 900 g, = 0.641 gw = -0.641 PT/(ei -e.) (2) where P is atmospheric pressure (bar), and gw, is the leaf diffusive conductance to water vapor (mol -m-2. s'). The boundary layer conductance was 6.73 mol CO2. m 2*s-', calculated according to (6) .
Quantum yields for CO2 fixation were determined by measuring net photosynthesis at a range of rate-limiting PFD, as described by Sharp et al. (33) . At the end of each light pretreatment, the PFD was reduced to or maintained at 40 gmol photons m 2.s-, and the pa and PO2 were changed to 1500 bars and 10 mbars, respectively. These conditions suppress photorespiration, thereby allowing determinations ofthe maximum quantum yield, and minimize temporal variations in dark respiratory activity during the measurements (33). As soon as a constant rate of net photosynthesis was obtained (usually approximately 90 min after the atmospheric conditions were changed), the PFD was lowered in several steps to a minimum of 15 gmol photons. m2-s'. At each PFD, sufficient time was allowed (up to 30 min) to establish that the photosynthetic rate was constant. Quantum yields (mol CO2-mol photons absorbed PAR-') were calculated from the linear relation of net photosynthesis and absorbed radiation. All quantum yield measurements were completed within 3.5 h after the end of the light pretreatments.
In separate experiments, the light-and CO2- ,umol photons m22.s' after withholding water from the soil. Leaf water potentials (4, 6) were determined in the experimental leaf at the end of each exposure. Other conditions: Pa was 330 bars, PO2 was 210 mbars, RH was 71 %, and air temperature was 25C. Leaf temperature was within 1°C of air temperature at all times. (Table I) , at any time during the dehydration treatment (Fig. 1) .
Photosynthesis during Development of Low As at High or Low PFD. The possibility that the loss in chloroplast capacity to fix CO2 resulted from photoinhibition was further investigated by exposing leaves either to a high, potentially photoinhibitory light regime, or to a low light regime as low A, developed. Decreases in the capacity for both light-limited and light-saturated CO2 fixation are generally observed during photoinhibition (27) . Moreover, decreases in these capacities are characteristic of the inhibition of photosynthesis at low tP, (6, 7, 20, 21, 33, 34 ).
Therefore, we measured both the quantum yield for CO2 fixation and, in separate experiments, the light-and C02-saturated rate of photosynthesis as low A, developed under high or low PFD.
The quantum yield for CO2 fixation decreased at low A, regardless of the PFD pretreatment (Fig. 2) . Quantum yields at high Ai were approximately 0.10, and decreased to below 0.04 at A, lower than -20.0 bars. The extremely low PFD and high Pa (1500 Abars, which was well above saturating) prevented the diffusive resistance to CO2 from being a factor in the measurements. The response of photosynthesis to PFD was linear over a much wider range than was used to measure quantum yields, further confirming the independence of the measurements from stomatal effects. Because of differences in dark respiration, the slopes for different leaves do not extrapolate to the same point. Figure 3 shows that the quantum yield was unaffected by the PFD pretreatments over the entire range of 411. The rates of development of low 1 , 6 and, therefore, the rates of inhibition of the quantum yield were similar in the high and low light regimes (Fig. 3, inset) . Quantum yields did not decrease in either light regime when high A,1 were maintained during the 6 d experimental period (Fig. 3, inset, control) . Similar results were obtained when light-and CO2-saturated photosynthesis was determined at low A, (Fig. 4) light regimes, and leaves which received the same high or low PFD pretreatments but were kept at high A, showed no loss of photosynthetic capacity (Fig. 4, inset Figure 3 shows that the inhibition of quantum yield at low 4A, was similar regardless of whether atmospheric p8 or the CO2 compensation point was maintained during the high PFD pretreatments.
Photosynthesis under Photoinhibitory Conditions. The lack of effect of high PFD on photosynthesis at low A, might have resulted from a lack of sensitivity to photoinhibitory conditions in sunflower, or from a recovery from photoinhibition prior to our measurements. In numerous reports (9, 28) , exposure of leaves to high PFD under conditions suppressing both photosynthesis and photorespiration (pi close to 0 Mubar and P02 of 10-20 mbars) readily induced photoinhibition, manifest as decreases in both quantum yield and light-saturated photosynthesis. Therefore, to test whether photoinhibition could occur in sunflower, Figure 2 , except that an additional high PFD pretreatment was included (*) in which the leaf was maintained at the CO2 compensation point. Conditions for measuring quantum yields and water potentials were as in Figure 2 . The data are the combined results of two replicate experiments. The inset shows the time course of the quantum yield response in plants of both light regimes which were either watered daily (control) or from which water was withheld at the end of d 0 (unwatered).
we made measurements of quantum yield and light-and C02-saturated photosynthesis with procedures identical to those used in the experiments shown in Figures 2 to 4 , before and after leaves at high A,1 were exposed to 6 h of high PFD at a pi of 1 Abar and a p02 of 10 mbars. These conditions caused an approximately 40% photoinhibition of the quantum yield and the lightand C02-saturated rate of photosynthesis (Fig. 5) . Neither parameter had completely recovered 24 h after the photoinhibitory exposure (data not shown). When leaves were exposed to the same low pi and P02 for 6 h in the dark, little inhibition of subsequent photosynthesis was observed (Fig. 5) .
DISCUSSION
These results show that photoinhibition was not involved in the loss of chloroplast capacity to fix CO2 at low 41, in sunflower when soil water reserves were depleted over a period of several days. Instead, the inhibition of chloroplast function was entirely attributable to direct effects of water deficits. It has been shown previously that both the quantum yield for CO2 fixation and the light-and C02-saturated capacity of photosynthesis are strongly inhibited at low 41, in sunflower (20, 21) . The present study shows that the inhibition occurs even when leaves are exposed to very low PFD during dehydration. In neither case was the extent of inhibition at any A,/ affected by exposure to a high PFD.
In sunflower, photosynthesis at low 4/1 is limited more by losses in chloroplast activity than by decreases in the diffusive conductance to CO2 entry into the leaf resulting from stomatal closure, as shown in the present study and in previous reports from this laboratory (6, 20) . Therefore, we could explore the inhibition of the chloroplast capacity for CO2 fixation at low A, directly with measurements of leaf gas exchange, avoiding all artifacts of chloroplast isolation. Our data do not exclude the possibility of photoinhibition at low 4 
